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Within the Time Dependent Hartree Fock (TDHF) approach, we investigate the impact of several
ingredients of the nuclear effective interaction, such as incompressibility, symmetry energy, effective
mass, derivative of the Lane potential and surface terms on the exit channel (fusion vs quasifission)
observed in the reaction 238U+40Ca, close to the Coulomb barrier. Our results show that all the
ingredients listed above contribute to the competition between fusion and quasifission processes,
however the leading role in determining the outcome of the reaction is played by incompressibility,
symmetry energy and the isoscalar coefficient of the surface term. This study unravels the complexity
of the fusion and quasifission reaction dynamics and helps to understand the microscopic processes
responsible for the final outcome of low energy heavy ion collisions in terms of relevant features of
the nuclear effective interaction and associated equation of state (EoS).
I. INTRODUCTION
Understanding the dissipation mechanisms occurring
in low energy heavy ion collisions represents one of the
most challenging problems in nuclear reaction and struc-
ture studies [1–7]. Crucial information is provided by the
investigation of strongly damped collisions of nuclei, that
may lead to (incomplete) fusion, quasifission or deep-
inelastic processes, looking at the degree of equilibration
reached along the reaction path and at the features of the
final reaction products [8–16]. In addition, in these reac-
tions one can observe effects reflecting a delicate interplay
between the microscopic single-particle dynamics and the
possible occurrence of collective motion [9–11, 17, 18].
In particular, dissipative reaction dynamics plays an
essential role in the synthesis of superheavy elements
(SHE), a quite appealing challenge of modern nuclear
physics [15, 19–26]. The synthesizing process, realized by
fusing two heavy nuclei in the laboratory, can be schemat-
ically divided into three steps where both nuclear struc-
ture and dynamics are important: 1) the two nuclei find
each other and their surfaces stick together; 2) the shape
of the two nuclei evolves to form a compound nucleus;
3) the evaporation residue survives against statistical fis-
sion decay. These processes are usually related to the
capture, compound nucleus formation and survival prob-
abilities (see for instance [27, 28]) and two experimental
methods, i.e., cold fusion with target nuclei close to the
doubly magic nucleus 208Pb and hot fusion with actinide
target nuclei [15, 16], have been devised so far. It is
rather clear that, apart from the occurrence of statistical
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fission, the probability to form superheavy elements is
strongly affected by the competition between compound
nucleus formation and quasifission processes.
At low energies (close and/or above the Coulomb bar-
rier), heavy ion reactions are governed, to a large ex-
tent, by one-body dissipation mechanisms (see for in-
stance [29]). From a microscopic point of view, their
description can be addressed within the Time Dependent
Hartree Fock (TDHF) approach [12–16, 30–40], and its
semi-classical approximation (the Vlasov equation) [8–
11]. These mean-field approaches (including stochastic
extensions, that account for quantum fluctuations) pro-
vide a suitable framework to study the many-body sys-
tem at a fully microscopic level and have been success-
fully applied to describe fusion reactions, nucleon trans-
fer and deep-inelastic collisions, as well as the quasifission
dynamics [14, 39, 41–44]. Among possible examples, the
prominent role of one-body dissipation is corroborated
by the consistent results obtained, between TDHF and
Vlasov calculations, in studies related to the Giant Dipole
Resonance (GDR) and for charge asymmetric nuclear re-
actions just above the Coulomb barrier [9, 45], and by the
excellent quantitative agreement between recent quasifis-
sion experimental results and model calculations which
incorporate one-body dissipation and fluctuations [14].
In spite of the apparent simplicity of the reaction dy-
namics, quite intriguing features may manifest along the
fusion/fission path, reflecting the complexity of the self-
consistent mean-field. Indeed, apart from the expected
sensitivity to the properties, such as charge, mass and de-
formation, of the two colliding nuclei, the reaction path is
quite influenced also by the ingredients of the nuclear ef-
fective interaction employed in the calculations. It should
be noticed that the latter is closely connected to the nu-
clear Equation of State (EoS), which plays an important
role in nuclear structure [46, 47], dynamics of heavy ion
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2collisions at intermediate energy [8–11, 48, 49] and astro-
physical phenomena as well [50–52].
By considering collisions between either neutron poor
or neutron rich systems, the impact of the isospin degree
of freedom on the reaction dynamics has been explored
in theoretical studies [8–16, 36–40]. Several investiga-
tions have also been devoted to the role of specific in-
gredients of the nuclear effective interaction. In particu-
lar, the influence of the symmetry energy, that is closely
linked to the neutron-skin thickness, on the amplitude of
the sub-barrier fusion cross section of neutron-rich nu-
clei has been evidenced in Ref. [53]. Other studies were
dedicated to the sensitivity of isospin equilibration to
the effective interaction, either in low-energy reactions,
where collective pre-equilibrium dipole oscillations take
place [9–11, 54–56], or for reactions at Fermi energies,
where a sizable pre-equilibrium nucleon emission is ob-
served [8, 51, 57, 58]. Reactions close to the Coulomb
barrier, and more specifically at the frontier between fu-
sion and other channels are also known to be sensitive
to the spin orbit term [59–61] or the tensor interactions
[62, 63].
In this paper, we aim at getting a deeper understand-
ing of the interplay between fusion and quasifission pro-
cesses in low energy heavy ion collisions. As stressed
above, this is particularly important in the search of
new SHE. In keeping with the spirit of previous studies
[10, 53, 58], we investigate, within the TDHF approach,
the impact of relevant ingredients of the nuclear effec-
tive interaction, such as incompressibility, symmetry en-
ergy, effective mass, Lane potential derivative, and sur-
face terms, on the exit channel (fusion vs quasifission)
of central heavy ion reactions close to the Coulomb bar-
rier. Our goal is to establish possible connections be-
tween the reaction dynamics and global nuclear matter
properties, in density regions around and below the sat-
uration value. Such a comprehensive study is important
to reach more reliable predictions about the probability
to get compound nucleus formation. In turn, the com-
parison with available experimental data would allow one
to extract information on specific aspects of the nuclear
interaction, which are still poorly known.
The paper is organized as follows. In section II, we
introduce the theoretical framework as well as the set
of EoS employed in the calculations. In particular, we
will consider EoS only differing by one ingredient, with
respect to a reference case, to focus on the effect of that
particular ingredient on the reaction process. In such a
way, we can decouple the correlations among the different
sectors of the EoS. In section III, we present the results
obtained for selected reactions, discussing how the several
EoS ingredients affect the exit channel. Conclusions and
perspectives are drawn in section IV.
II. THEORETICAL FRAMEWORK AND
EFFECTIVE INTERACTIONS
In the TDHF theory, the evolution of the one-body
density matrix ρˆ(t) is determined by,
i~∂tρˆ(t) = [h[ρˆ], ρˆ(t)], (1)
where h[ρˆ] = p2/2m + U [p, ρ] is the mean-field Hamil-
tonian with U as the self-consistent potential and ρ(r)
denoting the local density. Within the Density Func-
tional Theory, the starting point is the energy density
functional E [ρ], from which the corresponding nuclear
EoS and the potential U can be consistently derived.
In the present work, we adopt Skyrme effective in-
teractions, which are characterized in terms of nine in-
teraction parameters (t0, t1, t2, t3, x0, x1, x2, x3, σ), plus
the spin-orbit coupling constants W0(i) [64–67]. Apart
from the spin-orbit term, the energy density is expressed
in terms of the isoscalar, ρ = ρn + ρp, and isovector,
ρ3 = ρn − ρp, densities and kinetic energy densities
(τ = τn + τp, τ3 = τn − τp) as [9, 68–70]:
E [ρ] ≡ Ekin(τ) + Epot(ρ, ρ3, τ, τ3)
=
~2
2m
τ + C0ρ
2 +D0ρ
2
3 + C3ρ
σ+2 +D3ρ
σρ23
+ Ceffρτ +Deffρ3τ3
+ Csurf (5ρ)2 +Dsurf (5ρ3)2, (2)
where the coefficients C.., D.. are combinations of the
standard Skyrme parameters (see Appendix A). In par-
ticular, the terms with coefficients Ceff and Deff are
the momentum dependent contributions to the nuclear
effective interaction. The Coulomb interaction is also
considered in the calculations. It turns out to be useful
to explicit the relations between the coefficients of the
Skyrme interaction and relevant nuclear properties. In
analogy with the studies of Refs. [71, 72], we will con-
sider: saturation density ρ0; energy per nucleon of sym-
metric nuclear matter at ρ0 (E0); incompressibility K0;
isoscalar effective mass m∗s and isovector effective mass
m∗v at saturation density; symmetry energy at ρ0 (J);
slope of the symmetry energy at ρ0 (L); strength of the
isoscalar surface term GS = Csurf/2 and strength of the
isovector surface term GV = −Dsurf/2.
By this connection, it becomes straightforward to ex-
plore the impact of specific nuclear matter properties
on the reaction dynamics. Here, instead of the isovec-
tor effective mass, we prefer to employ the derivative,
with respect to the momentum p, of the Lane potential,
which has a more intuitive physical meaning, related to
the splitting of neutron and proton effective masses, m∗n
and m∗p. Denoting by Ui =
∂Epot
∂ρi
∣∣∣∣
p
the single parti-
cle potential, where i stands for neutrons or protons and
Epot is the potential part of the energy density functional,
3Eq.(2), the Lane potential is written as
ULane =
Un − Up
2I
= 2D0ρ+ 2D3ρ
σ+1 +
Deffτ3
I
+Deffρ
p2
~2
,(3)
where I =
ρn−ρp
ρ is the asymmetry parameter. There-
fore, the Lane potential derivative reads:
dULane
dp
=
2Deff
~2
ρp =
(
1
m∗s
− 1
m∗v
)
p =
fI
m
p, (4)
where the parameter fI has been introduced and m de-
notes the nucleon mass. fI actually gives a measure of
the neutron-proton effective mass splitting because the
following relation holds: 1m∗s
− 1m∗v =
1
2I
(
1
m∗n
− 1m∗p
)
[58].
In our study, we will consider the recently introduced
SAMi-J Skyrme effective interactions [73]. The corre-
sponding parameters have been determined based on the
SAMi fitting protocol [73]: binding energies and charge
radii of some doubly magic nuclei, which allow the SAMi-
J family to predict a reasonable saturation density, en-
ergy per nucleon and incompressibility modulus of sym-
metric nuclear matter; some selected spin-isospin sensi-
tive Landau-Migdal parameters [74]; the neutron mat-
ter EoS of Ref. [75]. According to the strength of the
momentum dependent terms, these interactions lead to
an effective isoscalar nucleon mass m∗s = 0.675 m and
a neutron-proton effective mass splitting m∗n − m∗p =
0.023 mI MeV at saturation density, with the corre-
sponding parameter fI = −0.0251. This small mass
splitting effect is associated with a quite flat momentum
dependence of the symmetry potential. It should be no-
ticed that the SAMi-J interactions exhibit a correlation
between J and L, so that all interactions lead to the same
value of the symmetry energy below normal density (at
ρ ≈ 0.6ρ0), well describing the ground state properties
of nuclei. For neutron-rich nuclei, the interactions with
a larger L (and J) value predict a thicker neutron skin
(see Tables I and II).
III. RESULTS AND DISCUSSIONS
We have performed TDHF calculations for the system
238U+40Ca, at Ecm = 203 MeV and zero impact param-
eter. This reaction has been investigated in great detail,
for a specified EoS and in the TDHF framework, in pre-
vious papers [37, 76], that we will consider as a reference
for our study.
In practice, we use the EV8 code to initialize the two
nuclei [77] and the TDHF-3D code developed in Refs.
[30, 31, 43, 78] to follow the reaction dynamics. We adopt
a 3D lattice mesh (96× 40× 20) with a mesh step of 0.8
fm, and a time step ∆t = 0.36 fm/c. The initial distance
between the two colliding nuclei is 26.4 fm.
The values of binding energy, neutron and proton root
mean square radii and quadrupole deformation parame-
ter are reported in Tables I and II, for the three SAMi-J
interactions that we will consider in our analysis.
Interaction
√〈r2〉n √〈r2〉p neutron skin β2 BE/A (MeV)
SAMi-J27 3.360 3.410 -0.050 0.0 -8.210
SAMi-J31 3.357 3.405 -0.048 0.0 -8.374
SAMi-J35 3.350 3.396 -0.046 0.0 -8.507
TABLE I: Neutron and proton root mean square radii, and
their difference, quadrupole deformation and binding energy
for 40Ca, as obtained with the SAMi-J interactions. The ex-
perimental value of the binding energy is BE/A=-8.551 MeV
[79, 80].
Interaction
√〈r2〉n √〈r2〉p neutron skin β2 BE/A (MeV)
SAMi-J27 5.927 5.802 0.125 0.251 -7.547
SAMi-J31 6.02 5.81 0.21 0.228 -7.524
SAMi-J35 6.10 5.815 0.285 0.228 -7.499
TABLE II: Neutron and proton root mean square radii, and
their difference, quadrupole deformation and binding energy
for 238U, as obtained with the SAMi-J interactions. The ex-
perimental value for the binding energy is BE/A=-7.570 MeV
[79, 80].
The beam energy considered is in the range of the
transition from fusion to quasifission processes, thus it
is well adapted to our study of the competition between
the two reaction mechanisms. It should be noticed that
40Ca is spherical and this will reduce the number of col-
lision configurations and the complexity of the calcula-
tions [39, 40]. On the other hand, since the ground state
of 238U is deformed, it is worthwhile to consider reaction
configurations corresponding to two possible projectile-
target orientations: side and tip. For the tip orientation,
at the energy considered, quasifission is always observed
in TDHF calculations [37–39]. We will show just one
tip collision case, as an example, and then concentrate
on side collisions in our study. The trajectory of the re-
action is traced by evaluating the quadrupole moment
Q2(t) = 〈2x2 − y2 − z2〉 of the composite system, with
x denoting the beam axis. An increasing trend of Q2(t)
indicates that the system is evolving towards quasifis-
sion. On the other hand, if Q2(t) stays around a constant
value, then the system fuses. To check the outcome of
the reaction, one can also look directly at density contour
plots at different time instants, as shown in Fig. 1 for the
tip collision of the reaction considered, with the effective
interaction SAMi-J31. One can see that the quasifission
happens in a few zs which is consistent with the state-
ments in Refs. [37–39].
Let us now turn to discuss side collisions. In Fig. 2,
the time evolution of the quadrupole moment of the com-
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FIG. 1: (Color online) Density contour plot at different time
instants for the tip collision of the reaction 238U+40Ca (tip
orientation) at Ecm = 203 MeV and b=0 fm. The SAMi-J31
interaction is employed.
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FIG. 2: (Color online) The quadrupole moment time evolu-
tion of the reaction 238U+40Ca (side orientation) at Ecm =
203 MeV and b=0 fm, for three SAMi-J EoS.
posite system is shown for calculations corresponding to
three different SAMi-J interactions, namely SAMi-J27,
SAMi-J31 and SAMi-J35, whose label denotes the sym-
metry energy value (J) at saturation density. Clearly,
we can see that the SAMi-J35 parametrization leads to
quasifission, whereas the other two SAMi-J EoS are asso-
ciated with fusion. Corresponding density contour plots
are shown in Figs. 3 and 4 for SAMi-J31 and SAMi-J35,
respectively, in order to better display this dual behav-
ior. The competition between fusion and quasifission has
been interpreted in terms of the features exhibited by
the fusion barrier, VB , as evaluated within the Density
Constrained - TDHF method [16, 40, 76], when employ-
ing different effective interactions. The results shown on
Fig. 2 would indicate that a larger symmetry energy
slope, which results in a thicker neutron skin for neutron
rich nuclei, makes the reaction system easier to separate.
However, as we will discuss in the following, the three
parameterizations also differ by other aspects.
To extend our discussion about the sensitivity of the
reaction path to the ingredients of the effective inter-
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FIG. 3: (Color on line) Same as in Fig. 1, but for the side
collision.
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FIG. 4: (Color online) Same as in Fig. 1, but for the side
collision, with SAMi-J35.
action, we will enlarge the set of Skyrme interactions
employed in the TDHF calculations. In addition to the
three SAMi-J parametrizations, we will consider inter-
actions corresponding to the variations of six quantities,
with respect to the SAMi-J31, that is taken as a refer-
ence: the symmetry energy slope L (keeping the J − L
correlation discussed above), the incompressibility, the
effective mass, the parameter fI and the surface terms
GS and GV . ρ0 and E0 are adopted from SAMi-J31 for
all the EoS. We have checked that the binding energy
and the root mean square of proton and neutron radii of
238U and 40Ca are well preserved (within a few percent)
under those operations, with the neutron skin thickness
of 238U being mainly determined by the symmetry en-
ergy slope L. For the convenience of description, we list
the properties of the different EoS in Table III. The EoS
name follows the convention that we only label the terms
which are different, with respect to the ingredients of the
SAMi-J31 parametrization.
5No EoS ρ0 (fm
−3) E0 (MeV) K0 (MeV) J (MeV) L (MeV) m∗s/m m
∗
v/m fI GS GV Result
SAMi-J27 0.160 -15.93 245 27 30 0.675 0.664 -0.0251 149.2 -8.6 Fusion
S1 SAMi-J31 0.156 -15.83 245 31 74 0.675 0.664 -0.0251 140.9 3.1 Fusion
SAMi-J35 0.154 -15.69 245 35 115 0.675 0.664 -0.0251 131.1 15.4 Fission
S2 J27 0.156 -15.83 245 27 30 0.675 0.664 -0.0251 140.9 3.1 Fusion
S3 J35 0.156 -15.83 245 35 115 0.675 0.664 -0.0251 140.9 3.1 Fusion
Gs35 0.156 -15.83 245 31 74 0.675 0.664 -0.0251 131.1 3.1 Fission
J35 Gs35 0.156 -15.83 245 35 115 0.675 0.664 -0.0251 131.1 3.1 Fission
J35 Gv35 0.156 -15.83 245 35 115 0.675 0.664 -0.0251 140.9 15.4 Fusion
J35 Gs35Gv35 0.156 -15.83 245 35 115 0.675 0.664 -0.0251 131.1 15.4 Fission
S4 K200 0.156 -15.83 200 31 74 0.675 0.664 -0.0251 140.9 3.1 Fission
S5 K290 0.156 -15.83 290 31 74 0.675 0.664 -0.0251 140.9 3.1 Fusion
S6 ms085 0.156 -15.83 245 31 74 0.85 0.832 -0.0251 140.9 3.1 Fusion
S7 ms100 0.156 -15.83 245 31 74 1.0 0.976 -0.0251 140.9 3.1 Fusion
Gs35 ms085 0.156 -15.83 245 31 74 0.85 0.832 -0.0251 131.1 3.1 Fusion
Gs35 ms100 0.156 -15.83 245 31 74 1.0 0.976 -0.0251 131.1 3.1 Fusion
S8 fI020 0.156 -15.83 245 31 74 0.675 0.781 0.20 140.9 3.1 Fusion
S9 fIn024 0.156 -15.83 245 31 74 0.675 0.581 -0.24 140.9 3.1 Fusion
Gs35 fI020 0.156 -15.83 245 31 74 0.675 0.781 0.2 131.1 3.1 Fission
Gs35 fIn024 0.156 -15.83 245 31 74 0.675 0.581 -0.24 131.1 3.1 Fission
TABLE III: The properties of the different EoS considered in the present work, and the exit channel of the reaction. The units
of GS and GV are MeV·fm5. Associated values of standard Skyrme parameters (ti, xi) are given in Appendix A.
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FIG. 5: (Color online) The symmetry energy dependence of
the quadrupole moment evolution of the reaction considered
(same as in Fig. 2). All reactions are performed at Ecm = 203
MeV and b=0 fm.
A. Symmetry energy effects
In Fig. 5, we show the quadrupole moment evolution
of the reaction considered, for calculations employing the
EoS obtained by varying the symmetry energy proper-
ties (S1, S2 and S3). One can notice that the result
differs from what is shown in Fig. 2, where the three
SAMi-J parametrizations are compared. Indeed SAMi-
J35 calculations (also reported in Fig. 5) lead to quasi-
fission, where the S3 parametrization does not, though it
presents the same symmetry energy features. This can
be explained by considering that the three SAMi-J EoS
are characterized not only by a different (J-L) combi-
nation, but also exhibit different surface properties, see
Table III.
However, one observes that the quadrupole moment
associated with the EoS considered here is ordered by
the symmetry energy, i.e., the larger the symmetry en-
ergy, the larger the quadrupole moment. Owing to the
neutron excess in our system, a larger symmetry energy
around normal density leads to a more repulsive dynam-
ics, as one would intuitively expect. However, for the
interactions considered, the quadrupole moment keeps
quite smaller than the result associated with the SAMi-
J35. This indicates that surface terms may play a very
important role in the reaction dynamics, as we will dis-
cuss in the following section.
B. Surface term effects
In Fig. 6, we show the time evolution of the quadrupole
moment Q2, as obtained for the EoS corresponding to
different surface term (GS and GV ) combinations, as in-
dicated in Table III. As it is shown in panel (a), by com-
paring the results associated with SAMi-J31 and Gs35,
a reduced GS surface term helps the system to sepa-
rate, even in the case of a parametrization having the
same symmetry energy as SAMi-J31, that is not repul-
sive enough to lead to quasifission (see Fig. 5). Com-
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FIG. 6: (Color online) Surface effects on the quadrupole mo-
ment evolution of the reaction considered (same as in Fig. 2).
All reactions are performed at Ecm = 203 MeV and b=0 fm.
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FIG. 7: (Color online) The incompressibility dependence of
the quadrupole moment evolution, for the same reaction as in
Fig. 2. All reactions are performed at Ecm = 203 MeV and
b=0 fm.
bined with a larger symmetry energy (J35), the surface
term reduction leads to a quite fast quasifission dynam-
ics (J35 Gs35). This result can be explained considering
that, along the approaching phase a reduced surface term
favors the formation of more elongated configurations,
helping fission. On the other hand, by considering inter-
actions where also GV is changed significantly (see Table
III), panel (b) shows that the isovector surface term has
only a tiny effect on the reaction dynamics.
C. Effects of the incompressibility K0
In Fig. 7, we show the results corresponding to three
EoS with different incompressibilities (S1, S4, S5). For
K0=200 MeV the system gets quasifission, whereas fu-
sion is observed for the other two larger K0 values. The
observed dependence of our results on the incompressibil-
ity is related to the fact that it is more difficult to com-
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FIG. 8: (Color online) The dependence of the quadrupole mo-
ment evolution on the isoscalar effective mass. Same reaction
system as in Fig. 2. All reactions are performed at Ecm = 203
MeV and b=0 fm.
press or to expand the composite reaction system formed
along the reaction path, if K0 is large. Indeed, in this
case, the system needs to pay more energy to undergo
density oscillations of a given amplitude, as compared
to the calculations corresponding to smaller K0 values.
We observe that, at the compression stage, the system
exhibits the smallest quadrupole moment for the case
K0=200 MeV, because the system is easier to compress
and becomes more compact. Then, along the expansion
phase, the quadrupole moment increases significantly be-
cause it is easier to expand the system towards densities
below the saturation value. When the deformed system
overcomes a given threshold, the reaction path will re-
sult in quasifission. Apparently, this does not happen for
the cases corresponding to K0=245 MeV (SAMi-J31) and
K0=290 MeV (S5), for which fusion is finally observed
and the quadrupole moment oscillates around a constant
value. Clearly, density oscillations of larger amplitude
help the system to fission.
D. Effects of the isoscalar effective mass m∗s
The effect of the isoscalar effective mass on the
quadrupole moment evolution of the reaction consid-
ered is shown in Fig. 8, by considering parametrizations
with larger effective mass than the value associated with
SAMi-J31 (S6, S7). One can see that, starting from a
situation where fusion is observed (SAMi-J31), the in-
crease of the nucleon effective mass does not change the
reaction dynamics; however the calculations correspond-
ing to larger effective mass values lead to more compact
configurations, associated with a smaller quadrupole mo-
ment. In Fig. 8(b), we explore the impact of the isoscalar
effective mass also on a trajectory leading to quasifission
(corresponding to the parametrization Gs35). In this
7case, it is observed that a larger effective mass changes
the reaction dynamics, leading to fusion. In the latter
case, the quadrupole evolution exhibits the same pat-
tern in panels (a) and (b). To understand these results,
one may consider that particles having a smaller effective
mass can move faster in the nuclear potential, so that for
the system it is easier to escape from the attractive nu-
clear interaction and evolve towards quasifission. This
is in line with what is observed in the study of collec-
tive modes (such as the GDR), where effective interac-
tions with small effective mass lead to higher oscillation
frequency and to a more abundant particle emission [9].
One can also argue that particles with a small isoscalar ef-
fective mass can invert more easily their direction of mo-
tion, helping the system expansion. On the other hand,
a larger effective mass favors the trapping of the system
into the nuclear potential, leading to fusion. A careful
inspection of Fig. 8(b) reveals that, at the early stage,
the quadrupole moment is larger in the case of the inter-
action with isoscalar effective mass equal to 0.85m, with
respect to the ‘ms100’ case (ms = m), but this trend
is inverted at a later stage. This can be attributed to
the fact that momentum dependent interactions, lead to
a larger (smaller) repulsion for nucleons with momenta
larger (smaller) than the Fermi momentum, with respect
to the ‘ms100’ case.
Thus, once the system overcomes the fusion barrier,
more compact configurations are observed in the ‘ms085’
case, indicating a larger attraction at small momenta.
E. Effects of fI
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FIG. 9: (Color online) The fI dependence of the quadrupole
moment evolution of the system considered (same as in Fig.
2). All reactions are performed at Ecm = 203 MeV and b=0
fm.
We now concentrate on the reaction dynamics asso-
ciated with the three EoS having different values of fI ,
adopting the isoscalar surface term of SAMi-J31 (S1, S8,
S9), see Fig. 9(a), and of SAMi-J35, see Fig. 9(b). One
can observe that the system ends up with fusion for the
three cases in panel (a) and quasifissions for the three
cases in panel (b). Thus the fI parameter does not af-
fect crucially the outcome of the reaction, either fusion
or quasifission. The ordering observed in panel (b) may
result from a delicate balance between symmetry energy,
n/p effective mass splitting and Coulomb repulsion ef-
fects. Increasing the neutron-proton effective mass split-
ting, with m∗n < m
∗
p (‘fI020’ case), leads to a larger neu-
tron repulsion, in addition to symmetry energy effects.
As a result, we observe a faster quasifission dynamics. On
the other hand, a n/p effective splitting of opposite sign,
with m∗p < m
∗
n (‘fIn024’ case), tends to counterbalance
symmetry energy effects. However, in this situation, the
relative role of the Coulomb repulsion is enhanced, that
may also lead to a faster dynamics, as we actually observe
in Fig. 9(b). It may be interesting to note that similar
effects of the neutron/proton effective mass splitting are
discussed for observables typical of nuclear reactions in
the Fermi energy domain, such as the isotopic content of
the pre-equilibrium nucleon emission [58].
IV. CONCLUSIONS
To summarize, we have investigated, by employing a
variety of effective interactions within the TDHF ap-
proach, the impact of several EoS ingredients on the exit
channel (fusion vs quasifission) of nuclear reactions at
energies close to the Coulomb barrier. In particular,
we build up explicit relations between the coefficients
of the Skyrme interaction and relevant nuclear proper-
ties, such as incompressibility, symmetry energy, effec-
tive mass, Lane potential derivative and surface terms,
in some analogy with the studies of Refs. [71, 72]. We
consider EoS mainly differing by one ingredient, with re-
spect to a reference case, to focus on the effect of that
particular ingredient on the reaction process. In such a
way, we are able to decouple possible correlations among
the different sectors of the EoS. The trajectory of the
reaction is traced by evaluating the quadrupole moment
Q2(t) of the composite system or by looking at the den-
sity contour plots. Calculations are shown for the re-
action 238U+40Ca at Ecm = 203 MeV and zero impact
parameter. We observe that all the ingredients listed
above contribute to the competition between fusion and
quasifission processes, however the leading role in deter-
mining the outcome of the reaction is played by incom-
pressibility, symmetry energy and the isoscalar coefficient
of the surface term. These results enable us to establish
possible connections between the reaction dynamics and
global nuclear matter properties, opening the perspec-
tive to learn on specific aspects which are still poorly
known. We also note that, when quasifission is observed,
the features of the two final fragments may depend on
the effective interaction considered, also in connection
with the contact time between the two interacting nu-
8No EoS t0 t1 t2 t3 x0 x1 x2 x3 σ
SAMi-J27 -1876.09 481.087 -75.7069 10184.6 0.482235 -0.557967 0.213066 1.00219 0.254634
S1 SAMi-J31 -1844.28 460.727 -110.200 10112.4 -0.0237088 -0.458608 -0.431251 0.00764843 0.268372
SAMi-J35 -1799.53 436.229 -144.972 9955.45 -0.443908 -0.343557 -0.783861 -0.882427 0.284323
S2 J27 -1844.27 460.727 -110.200 10112.4 0.478794 -0.458608 -0.431252 1.012559 0.268374
S3 J35 -1844.27 460.727 -110.200 10112.4 -0.461008 -0.458608 -0.431252 -0.879839 0.268374
Gs35 -1844.28 434.803 -84.2766 10112.4 -0.0237087 -0.456140 -0.410106 0.00764882 0.268374
J35 Gs35 -1844.27 434.803 -84.2767 10112.4 -0.461008 -0.456140 -0.410106 -0.879839 0.268374
J35 Gv35 -1844.27 460.727 -175.617 10112.4 -0.461008 -0.352118 -0.736234 -0.879839 0.268374
J35 Gs35Gv35 -1844.27 434.803 -149.694 10112.4 -0.461008 -0.343301 -0.777144 -0.879839 0.268374
S4 K200 5698.04 460.727 -110.200 -36164.8 0.0177978 -0.458608 -0.431251 0.00764843 -0.0421665
S5 K290 -1295.07 460.727 -110.200 8342.72 -0.0370067 -0.458608 -0.431251 0.00764843 0.578726
S6 ms085 -1696.12 406.841 -271.859 11451.3 -0.105374 -0.453125 -0.472133 -0.281046 0.354121
S7 ms100 -1654.78 375.621 -365.519 12510.9 -0.130771 -0.449229 -0.479273 -0.397744 0.388782
Gs35 ms085 -1696.12 380.917 -245.935 11451.3 -0.105374 -0.449935 -0.469195 -0.281046 0.354121
Gs35 ms100 -1654.78 349.697 -339.596 12511.0 -0.130771 -0.445466 -0.477691 -0.397744 0.388782
S8 fI020 -1844.27 460.727 -349.145 10112.4 0.144457 -0.588264 -0.991579 0.514540 0.268374
S9 fIn024 -1844.27 460.727 117.911 10112.4 -0.184250 -0.334830 -2.015208 -0.476261 0.268374
Gs35 fI020 -1844.27 434.803 -323.221 10112.4 0.144457 -0.593527 -1.031006 0.514540 0.268374
Gs35 fIn024 -1844.27 434.803 143.834 10112.4 -0.184250 -0.324982 -1.742118 -0.476261 0.268374
TABLE IV: The standard parameters of the Skyrme interactions listed in Table III.
clei. Results concerning the corresponding charge/mass
and energy sharing will be the object of a forthcoming
publication. We finally stress that a deeper understand-
ing of the interplay between fusion and quasifission pro-
cesses in low energy heavy-ion collisions is instrumental
for the search of new SHE in the laboratory.
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Appendix A
The relations between the C.. and D.. coefficients of
the energy density functional of Eq.(2) and the standard
parameters of the Skyrme interactions are given below:
C0 =
3
8
t0, (A1)
D0 = −1
8
t0 (2x0 + 1) , (A2)
C3 =
1
16
t3, (A3)
D3 = − 1
48
t3 (2x3 + 1) , (A4)
Ceff =
1
16
[3t1 + t2 (4x2 + 5)] , (A5)
Deff = − 1
16
[t1 (2x1 + 1)− t2 (2x2 + 1)] , (A6)
Csurf =
1
64
[9t1 − t2 (4x2 + 5)] , (A7)
Dsurf = − 1
64
[3t1 (2x1 + 1) + t2 (2x2 + 1)] . (A8)
From the C..,D.. coefficients of Eq.(2), the Lane poten-
tial Eq. (3) and its derivative Eq. (4) can be evaluated.
In Table IV we list the parameters of the Skyrme inter-
actions employed in our study, in their standard form. In
analogy with the studies of Refs. [71, 72], the standard
Skyrme parameters are derived imposing to reproduce
nuclear matter properties and surface effects (see Section
II). For the spin-orbit term, the coefficients correspond-
ing to the SAMi-J interactions are adopted for all the
interactions considered in our study: W01 = 216.874 and
W02 = -133.570.
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